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Anthropogenic activities are dramatically changing marine ecosystems. Wildlife tourism is one of the fastest growing
sectors of the tourism industry and has the potential to modify the natural environment and behaviour of the species it
targets. Here, we used a novel method to assess the eﬀects of wildlife tourism on the activity of white sharks (Carcharodon
carcharias). High frequency three-axis acceleration loggers were deployed on ten white sharks for a total of ~9 days.
A combination of multivariate and univariate analysis revealed that the increased number of strong accelerations and verti-
cal movements when sharks are interacting with cage-diving operators result in an overall dynamic body acceleration
(ODBA) ~61% higher compared with other times when sharks are present in the area where cage-diving occurs. Since
ODBA is considered a proxy of metabolic rate, interacting with cage-divers is probably more costly than are normal beha-
viours of white sharks at the Neptune Islands. However, the overall impact of cage-diving might be small if interactions
with individual sharks are infrequent. This study suggests wildlife tourism changes the instantaneous activity levels of
white sharks, and calls for an understanding of the frequency of shark-tourism interactions to appreciate the net impact of
ecotourism on this species’ ﬁtness.
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Introduction
Understanding how species respond to human induced changes
has become an important research pursuit (Sih et al., 2011;
Tuomainen and Candolin, 2011; Robbins et al., 2017). Wildlife
tourism is a human activity that can modify the natural environ
ment and behaviour of the species it targets through habitat
modiﬁcation or food provisioning (Green and Higginbottom,
2001; Orams, 2002). In recent decades, wildlife tourism has
been rapidly expanding and has become one of the fastest
growing sectors of the tourism industry (Scheyvens, 1999;
Wearing and Neil, 2009).
Research on the effects of tourism on elasmobranchs is
on the rise, with previous studies investigating impacts of
provisioning on elasmobranch physiology (e.g. Semeniuk
et al., 2007; Barnett et al., 2016), changes in seasonality,
residency or abundance (e.g. Meyer et al., 2009; Bruce
and Bradford, 2013; Brunnschweiler and Barnett, 2013),
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changes in space use (e.g. Corcoran et al., 2013; Huveneers
et al., 2013), changes in vertical activity (e.g. Fitzpatrick
et al., 2011; Huveneers et al., 2013), and physical effects
from divers (e.g. Smith et al., 2010). Whether these changes
lead to reduced ﬁtness at the individual or population levels
is mostly unknown and has been identiﬁed as requiring fur
ther investigation (Brena et al., 2015; Gallagher et al.,
2015). The ability of wildlife tourism to affect individual
ﬁtness and survival has been documented in terrestrial (e.g.
Orams, 2002), avian (e.g. Steven et al., 2011), and aquatic
species (e.g. Bejder et al., 2006; Williams et al., 2006), and
is reviewed in Green and Giese (2004), but similar studies
on elasmobranchs are limited.
The white shark (Carcharodon carcharias) is a large mar
ine apex predator with a global distribution, occurring in
temperate, sub tropical and tropical waters (Klimley and
Ainley, 1996; Domeier, 2012). The elusive nature, size and
involvement of the species in fatal shark human interactions
has led white sharks to be considered a charismatic species
that is often targeted by ecotourism (Apps et al., 2016, 2017;
Huveneers et al., 2017). Commercial white shark cage diving
uses olfactory, visual, or auditory attractants several hours
per day every day to attract sharks within close proximity of
the cages and to provide good viewing opportunities for
divers. In contrast to many other shark related tourism (e.g.
Brunnschweiler and Barnett, 2013), provisioning is limited
as operators are not permitted to intentionally feed white
sharks. However, they can occasionally consume baits when
operators are unable to detect rapidly approaching sharks.
Ecotourism opportunities are now available in ﬁve countries
(Australia, South Africa, the USA, Mexico and New Zealand),
with up to seven different businesses operating simultaneously
at one site and some cage diving operators hosting up to three
expeditions per day. This has led to concerns in some jurisdic
tions about the potential for cage diving activities to alter the
behaviour of white sharks. These concerns have been sup
ported by previous studies which have found that the cage
diving industry can change the ﬁne scale 3D spatial distribu
tion, rate of movement, residency and temporal distribution
of white sharks (Bruce and Bradford, 2013; Huveneers et al.,
2013). However, it is unknown whether these changes have
any long term effect on physiology, energy balance, or ﬁtness
and ultimately population viability, as changes in behaviour
do not necessarily indicate changes in health or ﬁtness (Beale
and Monaghan, 2004; Gill et al., 2001). Only one study has
previously investigated ecotourism related changes in energy
expenditure in sharks (Barnett et al., 2016); a study that
showed provisioning whitetip reef sharks (Triaenodon obesus)
for tourism increases their daily energy expenditure by elevat
ing activity levels during periods when they normally rest
(Barnett et al., 2016). The metabolic rate of whitetip reef
sharks increased by 6.37%, which is comparable to half the
proportion of energy similar shark species contribute to
growth.
Advances in tagging technology now allows researchers to
assess changes in energy expenditure using proxies such as tail
beat frequency or activity levels (Cooke et al., 2016). The pre
sent study used three axis acceleration loggers to compare
activity of white sharks and examine a range of behaviour and
performance metrics in relation to the operations of a cage
diving industry at the Neptune Islands (South Australia).
Speciﬁcally, we hypothesised that the activity of white sharks
would increase when cage diving vessels were present at the
Neptune Islands and increase further when in close proximity
to the cage diving vessels. The ﬁndings from this study provide
critical information to assess the potential effect of wildlife
tourism targeting sharks, and ultimately improve our under
standing of behavioural responses to anthropogenic inﬂuences.
Methods
Study site and white shark cage-diving
industry
The Neptune Island group is located near the approach to
Spencer Gulf, about 30 km from the South Australian main
land (Fig. 1). While the waters surrounding the South and
North Neptune Island groups are open to cage diving opera
tions, the North Neptune Islands group (35°149 S; 136°049 E)
is most frequently used by the current operators. Two cage
diving vessels use a near constant odour corridor of berley (or
chum) during daylight hours, comprising a mix of minced
southern blueﬁn tuna (Thunnus maccoyii) products to attract
sharks present in the area to the vessels. Tethered baits of tuna
sections or gills and entrails of up to several kilograms are also
used to improve client experience by keeping sharks within vis
ual range of divers in the cage. The third operator does not use
berley or tethered bait but uses sound transmitted from an
underwater speaker to attract sharks.
Equipment and deployment
White sharks were equipped with an ‘accelerometer package’
that included several devices to record the activity of white
sharks and ensure the recovery of the device (Watanabe et al.,
2004; Watanabe and Sato, 2008) during August September
2014, October November 2015 and January 2016. The accel
erometer package included: (1) a multi sensor data logger
(W1000 PD3GT, 21 mm diameter, 115 mm length and 60 g;
Little Leonardo) that recorded relative swim speed as the
number of rotations of a propeller, depth, temperature (all at
1Hz frequency) and three axis acceleration (at 16 or 32 Hz
frequency); (2) a very high frequency (VHF) radio transmitter
(Advanced Telemetry Systems) and (3) an Argos transmitter
(SPOT; Wildlife Computers).
A plastic cable connected to a time scheduled release mech
anism (Timer RT 5; Little Leonardo) bound the package to a
ﬁn clamp (Chapple et al., 2015). Once the release mechanism
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had been activated after a 1 2 day free swimming period, the
plastic cable was severed by an electric charge from the bat
tery of the device, and the whole buoyant package was
released from the shark and ﬂoated to the surface. The pack
age was located by using VHF and Argos signals and recov
ered by boat. Accelerometer packages were clamped, using a
deployment pole (Chapple et al., 2015), on to the ﬁrst dorsal
ﬁn of sharks that were attracted to the vessel (Fig. 2).
Accelerometer packages were positioned at the base of the ﬁn
on each shark to minimise variations due to differing acceler
ometer placement. The clamp had a corrodible link incorpo
rated in it to allow it to break off and release from the dorsal
ﬁn after ~1 week.
Experimental design
For each shark, the total deployment period was divided
into shorter periods, which were assigned one of ﬁve con
texts based on time of the day, the presence/absence of the
shark and cage diving operators, and the behaviour of the
shark (Table 1). The presence of sharks at the Neptune
Islands was determined based on swimming depth and val
idated by the pop up location of the accelerometer package
(e.g. the package sometimes popped up at the cage diving
site and in some cases popped up 10 km away from the
Neptune Islands). The area where cage diving takes place is
up to ~40 m deep, with the depths around the Neptune
Islands rapidly increasing and reaching more than 70m
within 500 m of the Islands. Sharks, therefore, need to leave
the vicinity of the Neptune Islands and area of cage diving
operation to reach depths greater than ~70 m. Sharks were
considered away from the Neptune Islands when maximum
depths were > 70 m for longer than 30 min. Sharks were
considered present at the Neptune Islands in all other con
texts. It is theoretically possible that sharks left the vicinity
of the Neptune Islands but remained within the top 70 m of
the water column. Previous satellite studies have, however,
shown that white sharks frequently reach the seaﬂoor
(Bruce et al., 2006; Sims et al., 2012), supporting the use of
maximum depth to identify when sharks left the Neptune
Islands.
Data processing
Swim speeds (m/s) were estimated from logger propeller rota
tion values, using a relationship between rotation and speed
Figure 1: Location of the Neptune Islands Group Marine Park and areas where cage diving operators typically anchor at the North Neptune
Islands Group (red ellipses).
Figure 2: Example of an accelerometer package deployed on a white shark (Carcharodon carcharias).
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Conservation Physiology • Volume 6 2018 Research article
9
determined in a ﬂow tank. Attachment angle (i.e. angle
between the animal’s body axis and the logger’s longitudinal
axis estimated following Kawatsu et al. (2009)) was
accounted for in the estimation of swim speed from propeller
rotations using trigonometry, and validated in a ﬂow tank.
Average overall dynamic body acceleration (ODBA) was cal
culated by removing the static contribution of gravity from
acceleration data using a high pass ﬁlter, and then summing
the absolute values of acceleration from all three axes.
ODBA is often used as a measure of overall animal activity
level and instantaneous rate of energy expenditure (Wilson
et al. 2006). The use of body acceleration as a proxy for
metabolic rate or energy expenditure is based on the prin
ciple that animal movement results directly from muscle con
traction, which is catalysed by adenosine triphosphate (ATP)
hydrolysis and thus requires oxygen (Wilson et al., 2006;
Gleiss et al., 2011). Tailbeat frequency was estimated from
lateral acceleration by a Fast Fourier Transformation using
Ethographer (Sakamoto et al., 2009). Burst events were
deﬁned as a period during which ODBA was greater than
0.5 g based on visual inspection of ODBA and swim speed to
identify sudden and dramatic increase that clearly repre
sented an increased activity above steady state swimming.
The number of burst events were calculated and presented as
the number of burst events per hour. Ascents were deﬁned
using depth differences between consecutive records. Depth dif
ference was calculated by taking the central difference of the
depth over 1 s intervals after which the trace was smoothed.
Ascent phases were deﬁned as periods when depth difference
was more than −0.2m/s. Each ascent phase represented a sin
gle event and enabled the number of ascents per minute to be
calculated.
Statistical analysis
Multivariate analyses were conducted using PRIMER v7
(Clarke and Gorley, 2006) and the PERMANOVA+ add on
package (Anderson et al., 2008). A resemblance matrix was
produced using Euclidean distance. Permutational multivari
ate analysis of variance (PERMANOVA) was used to test if
shark activity, as measured via ODBA, swim speed, tailbeat
frequency, and number of bursts and ascents, were different
between contexts. Non metric multidimensional scaling
(nMDS) was used to visualise the data as an unconstrained
ordination.
The inﬂuence of the activity metrics were further investi
gated through univariate analyses. Generalised linear mixed
models (GLMM) were used to determine the effects of con
texts on each of these inﬂuential metrics, with Interaction as
the base level and being compared against the other contexts.
The inclusion of individual shark as a random effect enabled
the analysis to account for the lack of independence in behav
iour within each identiﬁed shark. The most appropriate statis
tical family, error distribution, and validity of the model were
determined through an examination of the distribution of the
response variable, a visual inspection of the residuals for the
saturated models, and an ANOVA test between the ﬁtted and
residual values of the model. Modelling was undertaken using
the ‘glmmPQL’ function of the MASS R package and account
ing for serial autocorrelation. Model ﬁtness was assessed based
on R squared values following Edwards et al. (2008) extended
to the GLMM using penalised quasi likelihood estimation by
Jaeger et al. (2017).
Results
The accelerometer package was deployed on ten sharks (9
males, 1 female) between 2.9 and 4.3 m total length for a
total of 211.5 h (Table 2). The packages were deployed for
30min 39 h 40min (mean ± standard error: 21 h 13min ±
4 h 22min). The swim speed of two sharks (shark 6 and 10)
was excluded from the analysis because the deployment
angle of the ﬁn clamp was too far from the horizontal to
Table 1: Description of the contexts used to categorise the activity of each shark
Context code Context description
Interaction At least one cage diving operator present and shark actively engaging with one of the operators by attempting to consume
teaser bait or swimming around the cage or vessel. A shark was considered to be interacting with cage diving operators if
within 20m of the bait or cage diving vessel and with excursions away from the vessel < 10min. If the shark was not
sighted for > 10min, it was then considered to be in the ‘Operator present’ context (see below) until sighted again within
20m of the bait or vessel. The presence of the shark was determined by cage diving operators keeping a record of
interactions with sharks that carried the accelerometer package. The sharks could be easily identiﬁed as the accelerometer
package was clearly visible on the ﬁrst dorsal ﬁn. In cases when an accelerometer package was deployed on several sharks
concurrently, sharks could be diﬀerentiated from diﬀerences in size, scars and pigmentation, Nasby Lucas and Domeier
(2012).
Operator
present
At least one cage diving operator present and shark present based on maximum swimming depth ≤70m.
Operator
absent
Shark at the Neptune Islands based on maximum swimming depth ≤70m but no cage diving operators present.
Night Period between sunset and sunrise. Cage diving does not take place at night.
Outside Shark away from the Neptune Islands as determined by swimming depth (maximum swimming depths > 70m for longer
than 30min).
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apply the correction factor. The number of tagged sharks did
not allow for a test of the effect of size or sex. Not every
shark collected data from all contexts, but all sharks inter
acted with cage diving operators. Some sharks interacted
with operators the entire daytime deployment period (e.g.
Shark 1), while others were at the Neptune Islands when
operators where present, but spent most of their time away
from the operators (e.g. Shark 4 and 8). Shark 7, 9 and 10
spent some of the deployment period away from North
Neptune Islands. Shark 7 swam from North Neptune Islands
where the accelerometer package was deployed to South
Neptune Islands, ~11 km away, where the shark was re
sighted with the accelerometer package. The accelerometer
package of Shark 9 and 10 popped up and was recovered
~10, and 14 km away from North Neptune Islands,
respectively.
The activity of white sharks varied signiﬁcantly between
contexts (PERMANOVA: df = 4; MS = 105.05; Pseudo F =
18.195; P(perm) = 0.0002), with Interaction being signiﬁ
cantly different to all other contexts, but no other contexts
being different to each other (Table 3). The nMDS shows that
Interactions were separated from the rest of the contexts,
while all other contexts clustered together (Fig. 3). The lack of
clustering during Interactions is likely due to behavioural dif
ferences between individuals being greater than during other
contexts. The GLMM results supported the multivariate ana
lyses and showed that most activity metrics of white sharks
during Interaction were different to the other contexts
(Table 4; Supplementary Table S1; Fig. 4). Speciﬁcally, the
number of burst events during Interactions was signiﬁcantly
higher than in other contexts. Average ODBA was signiﬁ
cantly higher during interactions compared to all other
contexts when sharks were at the Neptune Islands. The num
ber of ascents signiﬁcantly increased when interacting with the
operators. However, swim speed was not signiﬁcantly differ
ent across contexts (average swim speed = 0.94 ± 0.05m/s;
max swim speed = 3.93 ± 0.18m/s), while tailbeat frequency
during Interactions was only signiﬁcantly different to periods
when cage diving operators were Present (Table 4; Fig. 4).
The combination of the multivariate and univariate analyses
suggests that the difference in behaviour during Interaction
was mostly driven by the increased number of burst events
and ascents, resulting in a higher ODBA compared to other
times when sharks are present in the area.
Table 2: Sex and length of white sharks (Carcharodon carcharias) on which the accelerometer package was deployed; the period during which
the accelerometer package recorded data is indicated for each shark and Context.
Shark Sex Total length (m)
Deployed period (min)
Absent Present Interaction Outside Night Total
1 Male 3.3 263 762 1025
2 Male 3.2 412 832 1244
3 Male 4.3 60 65 125
4 Male 4.3 639 232.5 1507.5 2379
5 Female 4.2 180 149 138 756 1223
6 Male 3.5 34 34
7 Male 3.8 82 97 53 566 636 1434
8 Male 2.9 293 17 505 815
9 Male 3.7 34 60 632 726
10 Male 3.5 386 10 658 1186 2240
Total 648 1238 995.5 1284 6816.5 11 245
Table 3: Summary of pairwise test between contexts.; P(perm) values
in bold show values < 0.05
Contexts t Value P(perm)
Interaction, Present 4.386 0.002
Interaction, Night 5.736 <0.001
Interaction, Absent 3.744 0.001
Interaction, Outside 3.789 0.005
Present, Night 0.929 0.427
Present, Absent 0.758 0.682
Present, Outside 0.912 0.480
Night, Absent 1.477 0.162
Night, Outside 1.724 0.069
Absent, Outside 0.427 0.799
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white sharks could be expected to suffer smaller increases in
provisioning imposed energy expenditure. In addition, white
sharks do not always come in close proximity to operators
and can ignore them. For example, sharks can be within a
cage diving site, but not be sighted by operators (Delaney
et al., 2012) and can remain more than 200m away from
cage diving operators throughout the day (Huveneers et al.,
2013). The amount of time sharks spend in close proximity
Figure 4: Plots showing the eﬀects of diﬀerent contexts on white shark activity metrics. Median values are indicated by the bold horizontal
bar; the length of the box is the inter quartile range; whiskers represents 1.5 inter quartile range; circles are outliers; and asterisks are extreme
values.
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to cage diving operators is also highly variable between indi
viduals (Huveneers et al., 2013), and some sharks have been
suggested to reduce their response to the olfactory and visual
stimulus through time (Laroche, 2006). These show that a
better understanding of the amount of time sharks spent in
proximity to or interacting with cage diving operators and
its variation between individuals and through time is
required to be able to assess the potential impact of cage
diving on the energy budget of white sharks.
Although sharks are enticed to the cage diving vessels
with baits, industry regulations do not allow operators to
feed white sharks and strict limits on the amount of bait and
berley are now in place in South Australia and at other white
shark cage diving locations (Bruce, 2015). Energy burden
from the increased activity is, therefore, not rewarded by
regular bait provisioning. Some baits can, however, be con
sumed when sharks approach the baits using high speed or
stealth (Huveneers et al., 2015). The baits used in SA are
composed of gills and stomach lining of southern blueﬁn
tuna and are not as energy rich as white shark’s natural prey
while at these sites (e.g. pinnipeds). Whether the infrequent
consumption of these baits provide sufﬁcient energy to com
pensate for the increased energy expenditure associated with
sharks interacting with the operators would depend on the
caloriﬁc value of these baits and the frequency of white
sharks successfully feeding on the baits, both of which are
currently unknown (Brunnschweiler et al., 2017). Spending
time interacting with cage diving operators might also dis
tract sharks from normal behaviours such as foraging on
natural, energy rich prey like pinnipeds. Combined, these
suggest that the increased energy expenditure associated with
cage diving interactions might not be compensated for by
either bait or natural prey consumption. One could, there
fore, argue that white sharks should be able to feed on some
bait to compensate for the energetic losses resulting from
interacting with cage diving operators. Bioenergetic models
(e.g. Barnett et al., 2016) would, however, be necessary to
accurately assess the likely effect of cage diving on white
shark energy balance and whether such compensation is
necessary or beneﬁcial. Beyond the potential for short term
energy intake, other aspects of food provisioning (e.g. quality
of food, potential for changes in foraging behaviour) would
also need to be considered.
The white shark cage diving industry in South Australia is
managed using an adaptive management framework based
on the residency of white sharks at the Neptune Islands,
which is estimated annually (Huveneers and Lloyd, 2017).
The current policy uses decision points in relation to white
shark residency as indicators of the impacts of the cage
diving industry on the behaviour of white sharks. Under
this policy, the number of days operators are allowed to be
at the Neptune Islands and undertake cage diving is modi
ﬁed according to changes in white shark residency (Smith
and Page, 2015). While this policy has been successful at
returning the increased residency of white sharks back to
baseline levels of ~10 days per visit in 2001 03 (Huveneers
and Lloyd, 2017), it focuses on a relatively coarse measure
of the possible impact of the cage diving industry. Wildlife
tourism can have physiological and population level impacts
that might not be accounted for when only using coarse
metrics such as residency, highlighting the importance of
considering all aspects of disturbance when evaluating
effects of human disturbance on wildlife (Christiansen and
Lusseau, 2015).
The present study provides evidence of the effect of wild
life tourism on the activity of a marine apex predator and
potential implications for its daily energy budget, and ultim
ately improves our understanding of behavioural responses
to anthropogenic inﬂuences. Future research should quantify
the amount of time white sharks interact with cage diving
operators and estimate its effect on white sharks in relation
to their daily energy budget. Estimation and comparison of
the energy obtained from natural prey vs. bait would also
facilitate a better understanding of the effect of the cage
diving industry on the energy budget of white sharks
(Brunnschweiler et al., 2017). Such information will enable
managers to go beyond the use of presence/absence of cage
diving vessels and sharks and account for the potential effect
of wildlife tourism on the energy balance, ﬁtness and ultim
ately population viability of this internationally threatened
species.
Acknowledgements
The authors thank the white shark cage diving industry for
providing logistic support and information about white
sharks at the Neptune Islands critical to the project. This
project was carried out under the Department of the
Environment and Natural Resources (DEWNR) scientiﬁc
research permit number M26292, Marine Parks permit
MR00047, and PIRSA Exemption number 9902693 and
9902777. Accelerometer deployments were carried out under
Flinders University ethics approval number E398. The fol
lowing people are thanked for their help during ﬁeldwork:
William Robbins, Lauren Meyer, Sasha Whitmarsh, Adam
Schilds, Leila Nazimi, Sarah Hone, Rob Hall, Michael Ward
and Rory Mulloy. Barry Hayden, Brett Simes and Chris
Thomas from DEWNR are thanked for their support and
discussion related to the management of the cage diving
industry. Barry Bruce has been instrumental to research
investigating the effect of the cage diving industry and is
thanked for the many discussions about this topic, which
have improved the quality of this manuscript.
Funding
This work was supported by the Winifred Violet Scott
Charitable Trust; the Neiser Foundation; Nature Films
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
8
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Research article Conservation Physiology • Volume 6 2018
9
Production; Grants in Aids for Scientiﬁc Research from the
Japan Society for the Promotion of Science (JSPS) [25850138
to Y.Y.W.]; and a JSPS Invitational Fellowship for Research
in Japan [L15560 to J.M.S.].
Supplementary material
Supplementary material is available at Conservation Physiology
online.
References
Anderson M, Clarke K, Gorley R (2008) Permanova+ for primer: guide
to software and statistical methods. PRIMER E, Plymouth.
Apps K, Dimmock K, Lloyd D, Huveneers C (2016) In the water with
white sharks (carcharodon carcharias): participants’ beliefs toward
cage diving in Australia. Anthrozoös 29: 231 245.
Apps K, Dimmock K, Lloyd D, Huveneers C (2017) Is there a place for
education and interpretation in shark based tourism? Tourism
Recreation Research 42: 327 343.
Barnett A, Payne NL, Semmens JM, Fitzpatrick R (2016) Ecotourism
increases the ﬁeld metabolic rate of whitetip reef sharks. Biol
Conserv 199: 132 136.
Beale CM, Monaghan P (2004) Behavioural responses to human dis
turbance: a matter of choice? Anim Behav 68: 1065 1069.
Bejder L, Samuels A, Whitehead H, Gales N, Mann J, Connor R,
Heithaus M, Watson Capps J, Flaherty C, Krutzen M (2006) Decline
in relative abundance of bottlenose dolphins exposed to long
term disturbance. Conserv Biol 20: 1791 1798.
Block BA, Jonsen ID, Jorgensen SJ, Winship AJ, Shaﬀer SA, Bograd SJ,
Hazen EL, Foley DG, Breed G, Harrison A L (2011) Tracking apex mar
ine predator movements in a dynamic ocean. Nature 475: 86 90.
Brena PF, Mourier J, Planes S, Clua E (2015) Shark and ray provision
ing: functional insights into behavioral, ecological and physio
logical responses across multiple scales. Mar Ecol 538: 273 283.
Bruce B (2015) A review of cage diving impacts on white shark behav
iour and recommendations for research and the industry’s man
agement in New Zealand. Report to the Department of
Conservation New Zealand, Hobart, Tasmania.
Bruce BD, Bradford RW (2013) The eﬀects of shark cage diving opera
tions on the behaviour and movements of white sharks,
Carcharodon carcharias, at the Neptune Islands, South Australia.
Mar Biol 160: 889 907.
Bruce BD, Stevens JD, Malcolm H (2006) Movements and swimming
behaviour of white sharks (Carcharodon carcharias) in Australian
waters. Mar Biol 150: 161 172.
Brunnschweiler J, Payne N, Barnett A (2017) Hand feeding can periodic
ally fuel a major portion of bull shark energy requirements at a pro
visioning site in Fiji. Anim Conserv. https://doi.org/10.1111/acv.12370.
Brunnschweiler JM, Barnett A (2013) Opportunistic visitors: long term
behavioural response of bull sharks to food provisioning in Fiji.
PLoS One 8: e58522.
Chapple TK, Gleiss AC, Jewell OJ, Wikelski M, Block BA (2015) Tracking
sharks without teeth: a non invasive rigid tag attachment for large
predatory sharks. Anim Biotelem 3: 14.
Christiansen F, Lusseau D (2015) Linking behavior to vital rates to
measure the eﬀects of non lethal disturbance on wildlife. Conserv
Lett 8: 424 431.
Clarke K, Gorley R (2006) Primer v6: user manual/tutorial (plymouth rou
tines in multivariate ecological research). Primer E Ltd, Plymouth.
Cooke SJ, Brownscombe JW, Raby GD, Broell F, Hinch SG, Clark TD,
Semmens JM (2016) Remote bioenergetics measurements in wild
ﬁsh: opportunities and challenges. Comp Biochem Physiol A Mol
Integr Physiol 202: 23 37.
Corcoran MJ, Wetherbee BM, Shivji MS, Potenski MD, Chapman DD,
Harvey GM (2013) Supplemental feeding for ecotourism reverses
diel activity and alters movement patterns and spatial distribu
tion of the southern stingray, Dasyatis americana. PLoS One 8:
e59235.
Delaney DG, Johnson R, Bester MN, Gennari E (2012) Accuracy of
using visual identiﬁcation of white sharks to estimate residency
patterns. PLoS One 7: e34753.
Domeier ML (2012) Global perspectives on the biology and life history
of the white shark. CRC Press, Boca Raton.
Edwards LJ, Muller KE, Wolﬁnger RD, Qaqish BF, Schabenberger O
(2008) An R2 statistic for ﬁxed eﬀects in the linear mixed model.
Stat Med 27: 6137 6157.
Fitzpatrick R, Abrantes KG, Seymour J, Barnett A (2011) Variation in
depth of whitetip reef sharks: does provisioning ecotourism
change their behaviour? Coral Reefs 30: 569 577.
Gallagher AJ, Vianna GM, Papastamatiou YP, Macdonald C, Guttridge
TL, Hammerschlag N (2015) Biological eﬀects, conservation poten
tial, and research priorities of shark diving tourism. Biol Conserv
184: 365 379.
Gill JA, Norris K, Sutherland WJ (2001) Why behavioural responses
may not reﬂect the population consequences of human disturb
ance. Biol Conserv 97: 265 268.
Gleiss AC, Wilson RP, Shepard EL (2011) Making overall dynamic body
acceleration work: on the theory of acceleration as a proxy for
energy expenditure. Methods Ecol Evol 2: 23 33.
Green R, Giese M (2004) Negative eﬀects of wildlife tourism on wild
life. In Higginbottom K, ed. Wildlife tourism: impacts, management
and planning. Sustainable Tourism Cooperative Research Centre,
Gold Coast.
Green RJ, Higginbottom K (2001). Status assessment of wildlife tour
ism in Australia series: the negative eﬀects of wildlife tourism on
wildlife, Wildlife Tourism Research Report CRC for Sustainable
Tourism, Gold Coast, Queensland.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
9
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Conservation Physiology • Volume 6 2018 Research article
9
Huveneers C, Holman D, Robbins R, Fox A, Endler JA, Taylor AH (2015)
White sharks exploit the sun during predatory approaches. Am
Natural 185: 562 570.
Huveneers C, Lloyd M (2017) Residency of white sharks, Carcharodon
carcharias, at the Neptune Islands Group Marine Park (2016 17).
Report to the Department of the Environment, Water and Natural
Resources. Adelaide, South Australia, Flinders University.
Huveneers C, Meekan MG, Apps K, Ferreira LC, Pannell D, Vianna GM
(2017) The economic value of shark diving tourism in Australia.
Rev Fish Biol Fish 27: 665 680.
Huveneers C, Rogers PJ, Beckmann C, Semmens J, Bruce B, Seuront L
(2013) The eﬀects of cage diving activities on the ﬁne scale swim
ming behaviour and space use of white sharks. Mar Biol 160:
2863 2875.
Jaeger BC, Edwards LJ, Das K, Sen PK (2017) An R2 statistic for ﬁxed
eﬀects in the generalized linear mixed model. J Appl Stat 44:
1086 1105.
Kawatsu S, Sato K, Watanabe Y, Hyodo S, Breves JP, Fox BK, Grau EG,
Miyazaki N (2009) A new method to calibrate attachment angles
of data loggers in swimming sharks. EURASIP J Adv Signal Process
2010: 732586.
Klimley AP, Ainley DG (1996) Great white sharks: the biology of
Carcharodon carcharias. Academic Press, London.
Laroche KR (2006) Ecotourism eﬀects on the interactions between
white sharks and Cape Fur seals around a small island seal colony.
Master of Science, Simon Fraser University, Vancouver, Canada
Lear KO, Whitney NM, Brewster LR, Morris JJ, Hueter RE, Gleiss AC
(2017) Correlations of metabolic rate and body acceleration in
three species of coastal sharks under contrasting temperature
regimes. J Exp Biol 220: 397 407.
Meyer CG, Dale JJ, Papastamatiou YP, Whitney NM, Holland KN (2009)
Seasonal cycles and long term trends in abundance and species
composition of sharks associated with cage diving ecotourism
activities in Hawaii. Environ Conservation 36: 104 111.
Nasby Lucas N, Domeier ML (2012) Use of photo identiﬁcation to
describe a white shark aggregation at guadalupe island, Mexico. In
Domeier ML, ed. Global Perspectives on the Biology and Life History
of the White Shark. CRC Press, Boca Raton, pp 381 392.
Orams M (2002) Feeding wildlife as a tourism attraction: a review of
issues and impacts. Tourism Management 23: 281 293.
Robbins WD, Huveneers C, Parra GJ, Möller L, Gillanders BM (2017)
Anthropogenic threat assessment of marine associated fauna in
Spencer Gulf, South Australia. Mar Policy 81: 392 400.
Sakamoto KQ, Sato K, Ishizuka M, Watanuki Y, Takahashi A, Daunt F,
Wanless S (2009) Can ethograms be automatically generated using
body acceleration data from free ranging birds? PLoS One 4: e5379.
Scheyvens R (1999) Ecotourism and the empowerment of local com
munities. Tour Manag 20: 245 249.
Semeniuk CAD, Speers Roesch B, Rothley KD (2007) Using fatty acid
proﬁle analysis as an ecologic indicator in the management of
tourist impacts on marine wildlife: a case of stingray feeding in
the Caribbean. Environ Manag 40: 665 677.
Sih A, Ferrari MC, Harris DJ (2011) Evolution and behavioural responses to
human induced rapid environmental change. Evol Appl 4: 367 387.
Sims DW, Humphries NE, Bradford RW, Bruce B (2012) Lévy ﬂight and
brownian search patterns of a free ranging predator reﬂect diﬀer
ent prey ﬁeld characteristics. J Anim Ecol 81: 1365 2656.
Smith J, Page B (2015). Decision points for South Australian white shark
tourism policy. Dewnr technical note 2015/09, Department of
Environment, Water and Natural Resources, Adelaide, South Australia.
Smith K, Scarr M, Scapaci C (2010) Grey nurse shark (Carcharias taurus)
diving tourism: tourist compliance and shark behaviour at ﬁsh
rock, Australia. Environ Manag 46: 699 710.
Steven R, Pickering C, Castley JG (2011) A review of the impacts of
nature based recreation on birds. J Environ Manage 92: 2287 2294.
Towner AV, Leos Barajas V, Langrock R, Schick RS, Smale MJ, Kaschke T,
Jewell OJ, Papastamatiou YP (2016) Sex speciﬁc and individual prefer
ences for hunting strategies in white sharks. Funct Ecol 30: 1397 1407.
Tuomainen U, Candolin U (2011) Behavioural responses to human
induced environmental change. Biol Rev 86: 640 657.
Watanabe Y, Baranov EA, Sato K, Naito Y, Miyazaki N (2004) Foraging
tactics of baikal seals diﬀer between day and night. Mar Ecol: Prog
Ser 279: 283 289.
Watanabe Y, Sato K (2008) Functional dorsoventral symmetry in rela
tion to lift based swimming in the ocean sunﬁsh Mola mola. PLoS
One 3: e3446.
Wearing S, Neil J (2009) Ecotourism: impacts, potentials, and possibil
ities. Butterworth Heinemann, Oxford.
Williams R, Lusseau D, Hammond P (2006) Estimating relative ener
getic costs of human disturbance to killer whales (Orcinus orca).
Biol Conserv 133: 301 311.
Wilson RP, White CR, Quintana F, Halsey LG, Liebsch N, Martin GR,
Butler PJ (2006) Moving towards acceleration for estimates of
activity speciﬁc metabolic rate in free living animals: the case of
the cormorant. J Anim Ecol 75: 1081 1090.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
10
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Research article Conservation Physiology • Volume 6 2018
9
